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SUMMARY 

The aerodynamic forces  and moments of scale models of a Trailblazer I reentry 
configuration were experimentally determined i n  the  Langley 11-inch hypersonic 
wind tunnel  at  a Mach nuntber of 6.7 i n  air .  
c a l l y  a 3-inch-diameter sphere with an aft-mounted short  c y l i n d r i c a l  appendage of 
less diameter than t h e  sphere. 

The reentry configuration i s  basi- 

The da ta  obtained from t h e  t e s t s  compare favorably with predict ions made by 
a modified Newtonian theory, and the tes ts  show t h a t  t h e  configuration i s  stati- 
c a l l y  unstable up t o  an angle of a t tack  of about 30° and becomes s t a t i c a l l y  stable 
near an angle of a t t a c k  of goo. 
body motions using the  measured data  shows t h a t  the  aerodynamic moments i n t e r a c t  
with t h e  body gyroscopic moments and r e s u l t  i n  m a x i m u m  angles of a t t a c k  at  maximum 
dynamic pressures.  

A l imited t h e o r e t i c a l  analysis  of the  reent ry  

INTRODUCTION 

The need f o r  bas ic  knowledge r e l a t i v e  t o  high-speed objects  reenter ing t h e  
e a r t h ' s  atmosphere has st:imulated many t h e o r e t i c a l  and experimental programs. 
One phase of study selected w a s  t o  determine t h e  radar cross  sect ion and rad ia t ion  
proper t ies  of t h e  ionized t r a i l  during an a c t u a l  atmospheric reent ry  when the  
weight and geometry of t h e  reentry body i s  known. 

Tra i lb lazer  I, a inexpensive six-stage rocket vehicle ,  w a s  designed with 
t h i s  a i m  i n  mind. 
atmosphere at a speed near a Mach number of 20 and allows the reent ry  event t o  be 
observe6,by various radar  and o p t i c a l  instruments and the  unaided eye. 
T ra i lb l aze r  I t r a j e c t o r y  1-s unusual i n  t h a t  the  reentry rocket stages a r e  f i r e d  
downward on a near v e r t i c a l  t r a j e c t o r y  from high a l t i t u d e .  
accomplished by assembling t h e  s i x  rocket stages with the  last  three  pointed 
backward, i n  a r e t r o  a t t i t u d e ,  toward the  f irst  three  stages.  These last  three  
stages are contained i n  a spin-s tabi l ized ve loc i ty  package and are rocketed out 

The vehicle  de l ivers  a reentry body downward i n t o  the  e a r t h ' s  

The 

The t r a j e c t o r y  i s  



t h e  open base of the package near an a l t i t u d e  of 106 f e e t .  The f i n a l  s tage u t i -  
l i z e s  a special-ly designed 5-inch-diameter spherical  rocket motor t o  achieve the  
needed high ve loc i ty  increment. The experimental reentry body i s  the  empty 
spherical  rocket motor w i t h  a torus  telemeter enc i rc l ing  the  exhaust nozzle. 

The i n i t i a l  conditions of motion assumed f o r  the  spinning reent ry  body are 
an angle of a t t a c k  of 14' and a superimposed f luc tua t ion  of 7 O .  
motion conditions are estimated from a consideration of t he  t r a j e c t o r y  scheme and 
t h e  s i x  s tages  of rocket t h rus t  misalinement, unbalance, and t i p -o f f .  During the  
atmospheric port ion of t h e  reent ry  body's f l i g h t ,  t he  aerodynamic and gyroscopic 
moments a re  i n  opposit ion and t h e  net  result determines the  body motions. It i s  
believed t h a t  body motion and angle of a t t ack  have an appreciable e f f e c t  on t h e  
observed reent ry  phenomena and, since the  reent ry  configuration w a s  estimated t o  
be  aerodynamically unstable,  it w a s  considered necessary t o  determine i t s  aero- 
dynamic cha rac t e r i s t i c s .  

These i n i t i a l  

The purpose of this paper i s  t o  present t he  r e s u l t s  of wind-tunnel force 
tes ts  conducted i n  t h e  Langley 11-inch hypersonic tunnel  with two scale  models of 
the Tra i lb lazer  I reent ry  body. Also, t h e  per t inent  modified Newtonian theory 
and r e s u l t s  of a l imi ted  ana ly t i ca l  study of t he  dynamical reent ry  motions a re  
included. 
bers between approximately 0.1 x 106 and 0.5 x lo6 based on m a x i m u m  body diameter, 
and the  angle-of-attack range w a s  var ied between -2' and 1 1 6 O .  

Tests were conducted a t  a Mach number of 6.7 i n  air  f o r  Reynolds num- 

SYMBOLS 

The moment center  w a s  located 0 . 8 ~  behind t h e  nose and corresponds t o  t h e  
empty center-of-gravity loca t ion  of t he  prototype as noted i n  f igu re  l ( a ) .  
coe f f i c i en t s  are based on the  m a x i m u m  body diameter and cross  sec t ion  and re fer -  
enced t o  the  empty center  of gravi ty .  

The 

C A axial-force coef f ic ien t ,  Axial force 
qs 

Pi tching moment 

SSD 
pitching-moment coef f ic ien t ,  Cm 

p i t  ching-moment -curve slope 
c m a  

cN 
N o r m a l  force 

qs 
normal-force coef f ic ien t ,  

normal-force-curve slope 
c N a  

maximum pressure coef f ic ien t  CP,m= 

D m a x i m u m  body diameter 



h a l t i t u d e ,  f t  

M Mach number 

p t  

q dynamic pressure,  lb / sq  f t  

t o t a l  tunnel  pressure,  lb/sq f t  

R Reynolds number, based on body maximum diameter 

S m a x i m  cross-sect ional  a r ea  of body 

t o t a l  tunnel  temperature, OR T t  

v ve loc i ty ,  f t / s e c  

X distance along X-axis from center  of grav i ty  (unless  otherwise noted),  
ft 

X ax i s  coinciden1;al w i t h  model center  l i n e  

Ze radius  of e a r t h  extended 

U angle of a t tack ,  deg 

P angle of s ides l ip ,  deg 

Y f l i gh t -pa th  angle (measured from v e r t i c a l ) ,  deg 

7 t , o t a l  yaw angle, L2 + P*, deg 

Sub s c r i p t s  : 

m a x  maximum 

min minimum 

APPARATUS AND TESTS 

Tunnel 

The t e s t s  were made :Ln the Langley 11-inch hypersonic tunnel.  This tunnel  
u t i l i z e s  fixed-geometry interchangeable nozzles t o  f a c i l i t a t e  t e s t i n g  at d i f f e r e n t  
Mach numbers. The detailis of the  air  nozzle that w a s  used here are reported i n  
reference 1 and a general  descr ip t ion  of t h e  remainder of t h e  tunnel  i s  contained 
i n  reference 2. 

Model 

The Trailblazer I 
w i t h  a t o r u s  te lemeter  

reent ry  body i s  a 5.05-inch-diameter spher ica l  rocket motor 
contained i n  an aft-mounted shor t  c i r c u l a r  cyl inder  
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surrounding the motor nozzle. 
models i s  shown i n  t h e  sketch of f igu re  1. The two wind-tunnel models are desig- 
nated models 1 and 2 and photographs of these  a re  given as f igure  l ( b ) .  
models were made as la rge  as possible  t o  use as  much of t he  working range of the 
wind-tunnel balance as possible  and be consis tent  w i t h  tunnel -s ta r t ing  require- 
ments. Model 2 w a s  m a d e  s l i g h t l y  smaller than model 1 t o  prevent tunnel  blockage 
when starts were made a t  The s t ing  mounting hole of model 2 was perpen- 
d i cu la r  t o  i t s  longi tudina l  center  l i n e  and passed through the empty center-of- 
g rav i ty  locat ion.  

The geometry of the  prototype and t h e  wind-tunnel 

The 

a = goo. 

T t  M p t  

2 1 2- 530 1,080 6.7 

Test Model 

1 1 1.058 x lo4 1,130 6.6 

3 2 1.058 1,055 6-7  
4 2 1.481 1,010 6.7 

Tests 

R Range of a 

0.18 x lo6 -2O t o  590 
45 -2O t o  590 
15 60° to 114O 
19 60° t o  1 1 4 O  

The t e s t - sec t ion  Mach number va r i e s  s l i g h t l y  with tunnel s tagnat ion pressure 

This aver- 
because of changes i n  boundary-layer thickness.  
every da ta  point  and t h e  average f o r  each test  i s  shown i n  t h e  t ab le .  
age Mach number has an accuracy of k0.04 and th i s  range of accuracy includes a l l  
the da ta  poin ts  measured. Reynolds number i s  obtained by computing t h e  equi l ib-  
rium expansion of air from t h e  pressure and temperature conditions shown. 

Mach number w a s  recorded at  

Precis ion of Data 

The force  measurements were made with two d i f f e r e n t  six-component strain-gage 
balances,  only th ree  components of which were needed during each tes t .  These 
gages were constructed t o  provide an accuracy of 1 /2  percent a t  f u l l  load. For 
angles of a t t ack  of 28' and less, model 1 w a s  t e s t e d  on a balance tha t  has a load 
capabi l i ty  of 1.5 pounds axial force,  10 pounds normal force,  and 15 inch-pounds 
p i tch ing  moment. For angles of a t t a c k  of 30' and above, a l l  tes ts  were conducted 
on a balance t h a t  had load c a p a b i l i t i e s  of 10 pounds axial force,  16 pounds normal 
force,  and 16 inch-pounds p i tch ing  moment. The r epea tab i l i t y  of the da ta  i s  ind i -  
cated by t h e  s c a t t e r  of t h e  measured points .  The angle of a t t a c k  w a s  measured 
o p t i c a l l y  by a pr ismatic  mirror on the model. One addi t iona l  source of e r r o r  
results from base pressure.  Base-pressure measurements were made at  th ree  d i f f e r -  
en t  po in t s  across  the  base of model 1 f o r  angles of a t t ack  from -2' t o  59' and 
these  measurements var ied from free-stream pressure t o  about 1/2 free-stream pres- 
sure; hence, no base-pressure correct ions were applied. 
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DISCUSSION OF RESULTS 

A supporting t h e o r e t i c a l  ana lys i s  of t h e  Trailblazer I aerodynamic character-  
i s t i c s  w a s  considered t o  be of i n t e r e s t .  A Newtonian type of ana lys i s  w a s  chosen 
with a similar body shape. 
i n  f igure  2. The Newtonian body i s  composed of a hemisphere-cylinder forebody 
and a cone-frustum-cylinder afterbody. The cone frustum, or forward p a r t  of t he  
afterbody, i s  t h e  p r inc ipa l  geometric difference between the assumed Newtonian 
body and t h e  fu l l - s ca l e  reent ry  body. The s m a l l  por t ion protruding from the  base 
i s  e n t i r e l y  omitted on the  Newtonian body and the  base i s  assumed t o  be a f l a t  
c i r c u l a r  disk.  The Newtonian solut ion f o r  a hemispherical nose shape i s  found i n  
reference 3 and t h a t  f o r  t h e  backward-facing cone frustum i s  solved as p a r t  of a 
d i f f e r e n t  configuration i n  reference 4. 
f o r  Mach number after t h e  manner suggested i n  reference 3 ;  t h i s  modification 
amounts t o  using the  pressure coe f f i c i en t  behind a normal shock instead of the  
Newtonian value of The results of t he  modified Newtonian computa- 
t i o n s  are compared with t h e  measured wind-tunnel da ta  i n  t h e  appropriate f igures .  

The geometry of t he  Newtonian body used can be seen 

Al l  Newtonian approximations a r e  modified 

Cp ,n,m = 2. 

Duplication of Prototype Mach Number and Reynolds Number 

It i s  not possible  t o  obtain wind-tunnel data  f o r  t he  e n t i r e  range of reent ry  
Mach number and Reynolds number encountered with the  Tra i lb lazer  I reent ry  body. 
These data are f o r  a s ingle  Mach number with some var ia t ion  i n  Reynolds number. 
Figure 3 shows the  var ia , t ion of Reynolds number with Mach number f o r  t he  theoret-  
i c a l  t r a j e c t o r y  of t he  Tra i lb lazer  I reent ry  body with r e l a t i o n  t o  t h e  tunnel  t e s t  
data .  The tes t  Reynolds numbers bracket those of t he  prototype f l i g h t  conditions. 

Aerodynamic Coeff ic ients  

Normal force.-  The var i a t ion  of normal-force coe f f i c i en t  with angle of a t t ack  
i s  shown i n  f igure  4. 
near 60° and t h i s  mismatch corresponds t o  t h e  angle of a t t a c k  at  which model 2 
w a s  subs t i tu ted  f o r  model 1. The exact explanation f o r  this disagreement i s  not 
known but  base-pressure e f f e c t s  and in te r fe rence  of t h e  s t i ng  with the  pressure 
d i s t r i b u t i o n  of model 2 could possibly be a cause. The agreement throughout t he  
e n t i r e  angle-of-attack range of t h e  experimental and t h e o r e t i c a l  da ta  i s  good. 

The tes t  data show a slight mismatch at an angle of a t t ack  

Axial force.- The v s r i a t i o n  of axial-force coef f ic ien t  f o r  a l l  da ta  i s  shown 
i n  f igu re  5.  Although t h e  - t e s t  da ta  are s l i g h t l y  below the  t h e o r e t i c a l  da ta  a t  
an angle of a t t a c k  near 13", t he  agreement general ly  i s  very good. 

Pi tching moment.- The p i tch ing  moment of the  Tra i lb lazer  I model w a s  d l f f i -  
c u l t  t o  measure accurate:ly, because of t he  s m a l l  fo rces  on t h i s  component of t he  
balance. 
a b i l i t y .  The tes t  da ta  show the  model t o  be s t a t i c a l l y  unstable below an angle 
of a t t a c k  of 30° and t o  exhib i t  a t rend  toward s t a b i l i t y  at the  higher angles of 
a t t ack .  Theory p red ic t s  t h e  t rend  of experiment from a = 0' t o  near a = 55'. 
For angles above 

The s c a t t e r  of t h e  da ta  presented i n  f igu re  6 ind ica t e s  i t s  repeat- 

a = 5513, t h e  theory diverges from t h e  experimental da ta  i n  t h a t  
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the theory p red ic t s  s t a b i l i t y  up t o  about 
s t a 3 i l i t y  up t o  an angle of a t t ack  of about 8 5 O .  It w a s  not possible  t o  determine 
j u s t  w h a t  p a r t  of t h e  disagreement i s  caused by measuring accuracy and w h a t  p a r t  
i s  caused by the  i n a b i l i t y  of the theory t o  pred ic t  the proper aerodynamic coeff i -  
c ien ts .  The s t a t i c  s t a b i l i t y  parameter, Cm p lo t t ed  against  CN, i s  shown i n  

f igu re  7(a) .  
diameters from t h e  nose a s  a function of t he  angle of a t tack .  T h i s  f i gu re  shows 
no appreciable Reynolds number e f f e c t s  over the range tes ted .  Near a = 0' t he  
center-of-pressure loca t ion  w a s  obtained by use of the slopes 

Figure 7(b) a l s o  shows graphica l ly  the  s m a l l  s t a t i c  margin i n  the a range where 
s t a b i l i t y  does e x i s t .  

a = l O 5 O  and experiment shows neu t r a l  

Figure 7(b) i s  a p l o t  of t h e  center-of-pressure locat ion i n  body 

ma' and c % 

Flow-Field Charac te r i s t ics  

Figure 8 i s  a sketch of t h e  var ious elements of t h e  flow f i e l d  t h a t  were 
u = 0' observed i n  schl ieren photographs a t  and i l l u s t r a t e s  the pos i t ion  of the 

base-pressure tubes. The flow-field elements are named by using the nomenclature 
of reference 5. The sketch shows the approximate loca t ion  of the pressure tubes 
near t he  base of model 1 and the open end of the base-pressure tubes w a s  approxi- 
mately 0.025 inch from t h e  base and d id  not touch t h e  model throughout t he  tes t .  
The wake i s  drawn t o  o r ig ina t e  at t h e  forebody-afterbody juncture as indicated i n  
the  sch l ie ren  photographs i n  figure 9. The shock standoff dis tance a t  a = 0' i s  
measured t o  be 0.07D. The sketch has been included because reso lu t ion  of the var- 
ious flow-field elements i s  l o s t  from the schl ieren photographs of f igure  9 during 
reproduction. 

Figure 9 i s  compiled of var ious schl ieren photographs t h a t  were taken during 
t h e  t es t  and i l l u s t r a t e s  t h e  shock-wave shape f o r  increments of about loo  i n  angle 
of a t tack .  A def in i t i on  of the  shock shape t h a t  accompanies a r een t ry  i s  neces- 
sary before a thermodynamic understanding of t h e  flow f i e l d  t h a t  surrounds the 
body can be  gained. 
dis tance and shape from a schl ieren photograph of known tes t  conditions.  

One way t o  obtain these da ta  i s  t o  measure t h e  shock standoff 

Dynamic Analysis 

A better understanding of the  reent ry  body's motions i s  needed i n  order t o  
evaluate  t h e  experimental da ta  obtained i n  free fl ight.  
body's motion i s  discussed, it i s  felt  necessary t o  c a l l  a t t en t ion  t o  the unusual 
i n i t i a l  o r i en ta t ion  of the reent ry  body i n  space. The reent ry  body i s  placed i n  
t h i s  pos i t ion  i n  space and given i t s  ve loc i ty  by the unique rocketry system of 
the  Tra i lb lazer  I vehicle.  An unusual t r a j e c t o r y  r e s u l t s  from assembling t h i s  
six-stage rocket with t h e  last th ree  s tages  pointed backward i n  a r e t r o  a t t i t u d e  
and i s  shown i n  figure 10. The flow f i e l d  t h a t  surrounds the  reent ry  body a l so  
va r i e s  i n  a complex manner. 
f i e l d  with motions of t h e  reent ry  body during a l l  phases of reent ry  i s  a l s o  
des i rab le .  

Before t h e  ac tua l  reent ry  

Some understanding of the va r i a t ion  of t h i s  flow 
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I n  general ,  t he  descent motion of the  reentry body may have another motion 
superimposed on it. Tl l i s  superimposed motion may be a random tumble, a per iodic  
osc i l l a t ion ,  o r  a spin with some kind of precession. The Tra i lb lazer  I reent ry  
body i s  spin-s tabi l ized t o  within ce r t a in  limits. The vehicle w a s  designed and 
i s  believed t o  place the  reent ry  body i n t o  motion or iented as i s  shown i n  f i g -  
ure  11. This f igure  sliows t h a t  t h e  vehicle  center l i n e  i s  or iented t o  one s ide 
of the  t o t a l  ve loc i ty  vector  and i l l u s t r a t e s  t he  t o t a l  yaw angles t h a t  were chosen 

r 

as i n i t i a l  machine conditions near an a l t i t u d e  of 3 x lob f e e t  during reentry.  
The precession cone i n  t h e  f i g u r e  i s  described by the  motion of the  reentry-body 
center  l i n e  as the  body spins  about i t s  longi tudinal  axis a t  39 cycles per  second 
and precesses about t he  cone center  l i n e  with no nutation. 

I n  order t o  understand these  combined reentry motions, a six-degree-of- 
freedom motion ana lys i s  w a s  performed with an IBM computer. The equations and 
computer program d e t a i l s  a r e  described i n  reference 6. 
were obtained i n  these  tes ts  and put i n t o  the  computer are shown i n  f igu re  12. 
The addi t iona l  mass cha rac t e r i s t i c s  and i n i t i a l  conditions t h a t  were used are 
given i n  the  appendix. 

The aerodynamic da ta  t h a t  

The computer resul.ts of i n t e r e s t  are shown i n  f igure  13 as p l o t s  of t o t a l  yaw 
angle and dynamic pressure against  a l t i t ude .  Br ie f ly ,  t he  force system involved 
i s  composed of t he  body gyroscopic moments and aerodynamic moments. 
the  ana lys i s  shows t h e  manner i n  which t h e  t o t a l  yaw angle i s  changed by the  
in t e rac t ion  of the  gyrclscopic and aerodynamic moments during descent through the  
atmosphere. 
increases  and i n  the  example reaches a maximum value of 49' at  a maximum dynamic 
pressure of 16.9 pounds; per  square foot  a t  an a l t i t u d e  of approximately 
ll5,OOO f e e t .  
permits t he  gyroscopic moments t o  decrease the  t o t a l  yaw angle. 

I n  e f f e c t ,  

The t o t a l  yaw angle increases  very rapidly as dynamic pressure 

A t  lower a l t i t u d e s  the  dynamic pressure decreases which i n  t u r n  

CONCLUSIONS 

An analys is  of the  experimental data obtained a t  M = 6.7 i n  a i r  from tes ts  
i n  the  Langley 11-inch wind tunnel on scale  models of t he  Tra i lb lazer  I reent ry  
configuration lead  t o  t h e  following conclusions: 

1. A s  w a s  ant ic ipated,  t he  t es t  da ta  show t h a t  t h e  reentry body i s  s t a t i c a l l y  
unstable up t o  an angle of a t t ack  of about 30' and then show a t rend toward sta- 
b i l i t y  a t  higher angles. 

2. A modified Newtonian theory adequately p red ic t s  t he  measured ax ia l -  and 
normal-force coef f ic ien ts .  "he pitching-moment t rend  i s  predictable  by the  theory 
a t  angles of a t t ack  between 0' and 55' but t h e  tes t  data d i f f e r  from the  theory a t  
higher angles. 
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3 .  A l imi ted  ana lys i s  of the  reent ry  body motions shows that the  t o t a l  yaw 
angle reaches a maximum of less than 30' a t  the  a l t i t u d e  corresponding t o  maximum 
dynamic pressure.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Haapton, Va.,  May 3 ,  1963. 
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APPENDIX 

COMPUTER INFORMATION 

The computer program t h a t  w a s  used has provisions f o r  a descr ip t ion  of an 
No aerodynamic dampening w a s  considered atmosphere and aerodynamic dampening . 

and a standard 1959 ARDC atmosphere w a s  used . 
not l i s t e d  below o r  previously s t a t ed  i n  t h e  t e x t  were chosen t o  be zero . All quan t i t i e s  of computer input 

Center-of-gravity location. body diameters a f t  of nose . . . . . . . .  
Weight. l b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ROU iner t ia .  s lug-f t2  . . . . . . . . . . . . . . . . . . . . . . . .  
Pitch.  yaw i n e r t i a .  s1u.g-ft 2 

Gravity. f t /sec2 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Reference area. sq f t  . . . . . . . . . . . . . . . . . . . . . . . .  
Reference length. f t  . . . . . . . . . . . . . . . . . . . . . . . . .  
Longitudinal ve loc i ty  component. f t  /sec . . . . . . . . . . . . . . .  
Velocity component i n  yaw plane. f t / s e c  . . . . . . . . . . . . . . .  
Velocity component i n  p:Ltch plane. f t / s e c  . . . . . . . . . . . . . .  
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Figwe 3.- Variation of Reynolds number with Mach number f o r  a t y p i c a l  t heo re t i ca l  Tra i lb lazer  I 
reent ry  body t r a j ec to ry  with t h e  tunnel t e s t  po in ts  indicated.  
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Figure 4.- Variation of normal-force coefficient w i t h  angle of attack with a modified 
Newtonian theory shown for comparison. 
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Newtonian theory shown f o r  comparison. 
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Figure 8.- Sketch of schlieren photographs of model 1 a t  M = 6.7 and R = 0.45 x lo6 
Various elements of t h e  flow in the region of t he  telemeter to rus  a r e  ident i f ied .  

i n  a i r .  



a = 0' 

a = 28' 

c 

a = 59' 

L 

a = 100 a = 20° 

a = 40. 

a = 70° 

a = 90' 

a = 50° 

a = 80' 

a = 110" 

L-63-3115 
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variation of shock-wave formation with angle of attack. 
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Figure 11.- Sketch of initial conditions t o  show some of t he  i n i t i a l  precession 
conditions without nutation. 
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CA, and CN i n t o  computer program as a function of both Mach number and angle of a t tack .  
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